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Abstract To evaluate the propulsion system capabilities of a Flapping Micro Air Vehicle (FMAV), a new
aeroelastic model of a typical flexible FMAV is developed, utilizing the Euler–Bernoulli torsion beam
and quasi steady aerodynamic model. The new model accounts for all existing complex interactions
between the mass, inertia, elastic properties, aerodynamic loading, flapping amplitude and frequency of
the FMAV, as well as the effects of several geometric and design parameters. To validate the proposed
theoretical model, a typical FMAV, as well as an instrumented test stand for the online measurement
of forces, flapping angle and power consumption, has been constructed. The experimental results are
initially utilized to validate the flight dynamic model, and several appropriate conclusions are drawn.
The model is subsequently used to demonstrate the flapping propulsion characteristics of the FMAV via
simulation. Using dimensionless parameters, a set of new aeroelastic coordinates are introduced. In this
reduced design space, new generalized performance curves have been deduced. The results indicate that
by proper adjustment of the wing stiffness parameter, as a function of reduced frequency, the FMAV will
attain its optimum propulsive efficiency. This fact raises additional ideas of utilizing intelligent variable
stiffness materials and/or an active morphing technology for the sustained flight of FMAVs.
© 2012 Sharif University of Technology. Production and hosting by Elsevier B.V.
Open access under CC BY license.1. Introduction
The study of flexible Flapping-wing Micro Air Vehicles
(FMAVs) has fascinated many researchers because of their
aerodynamic benefits, especially in their low Reynolds number
and small size [1]. Because of their special advantages of
small size, low velocity, high agility and maneuverability,
micro or small ornithopters are being potentially considered
for applications in rescue missions, remote sensing and spy
and reconnaissance operations in small/closed media. Such
capabilities will also be useful in confined environments,
where direct or remote human assistance is not feasible [2].
Civilian use of autonomous FMAVs will in time exceed military
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doi:10.1016/j.scient.2012.03.004applications. The ability to explore toxic or dangerous spaces
without human involvement will be of great interest for many
industries [3]. Applications in such environments include the
following: air-quality sampling in nonattainment areas, utility
inspection (power lines, oil pipes), traffic control, monitoring,
installation of small pieces, and examination of inaccessible
confined spaces (buildings, towers).
In addition to all of the profound advantages of FMAVs,
the lack of an adequate flight dynamics model for this group
of MAVs is still challenging [4]. Flapping flyers, inspired
from biological flappers, have a flexible wing structure. They
use the root cyclic driving input (cranking moment) and a
passive bending and twisting motion due to flexibility in
both span-wise and chord-wise directions. The flapping of
flexible wings is characterized by the simultaneous generation
of lift and thrust forces. Consequently, the fluid and structural
dynamics of these flyers are closely linked to each other [5].
Moreover, the characteristics of loads acting on the vehicle,
including aerodynamic, inertia and internal elastic loads,
vary substantially over one flapping cycle [6]. Therefore,
understanding the aerodynamic, structural and flight dynamic
evier B.V. Open access under CC BY license.
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Symbol Parameter description
AC Aerodynamic center
AOA Angle of attack
AR Wing aspect ratio
b Wing span
C Chord length
C Wing mean chord
CG Center of gravity
CL Section lift coefficient
CD Section drag coefficient
CLMax Max section lift coefficient
CDMax Max section drag coefficient
CF Axial (thrust) force coefficient
d LE spar thickness
EA Elastic axis
f Flapping frequency
fR Reduced frequency
FX Forward force generated
FX Average thrust generated
FZ Normal force generated
F Z Average lift generated
g Gravity acceleration
GJ Wing torsional stiffness
IY Section moment of inertia over EA
kW Wing dimensionless torsional stiffness
L Body length
L1 Runner crank length
L2 Wing hinge point location
L3 Mechanism fixed distance
L4 Driving main gear radius
m Wing mass
MT Total mass
M Wing driving moment
n Number of ribs
P Consumed power
P Average power consumption
S Wing area
T Flapping period
U Forward velocity
Uref Reference velocity
V Resultant velocity
W Downward velocity
x Distance between LE and CG
XCG CG location from LE
XEA EA location from LE
y Distance from wing root
α Effective angle of attack
γ Wing flapping angle
ηP Propulsive efficiency
γUp Highest upstroke angle
γDn Highest downstroke angle
Γ Overall flapping course
ϕ Wing twist angle
ρ Wing density
ρAir Air density.
attributes of flapping is necessary to design high-performance
and robust FMAVs [7].
In recent years, many researchers have focused on exploring
the complex nature of flapping flight. These efforts can be clas-sified into three main groups: derivation of analytical models,
computational or numerical simulations and experimental in-
vestigations. In most flapping models, a known bending and/or
torsional profile has been assumed [8,9]. This profilemay reflect
the experimental trends obtained via measurement of the wing
deflection. In [10], different upstroke and downstroke flapping
trajectories are introduced, based on quasi-steady aerodynam-
ics. More extensive studies by this group have adopted both
wing rotation magnitude and phase delay as independent pa-
rameters [11]. Using predefined deformations will obviously
simplify the aeroelastic modeling of FMAV, but, doing so, will
adversely reduce the model’s integrity.
Some other efforts in the analytical domain can be addressed
by multi-body dynamics models, which are formulated based
on Lagrange generalized coordinates and shape integral func-
tions [12,13]. A wing-body flight dynamics model of FMAV has
been applied for kinematic optimization in [14]. The applica-
tion of a typical FMAV multi-body model for state estimation
and control synthesis has been proposed in [15]. In all these
studies, the wing is modeled as a rigid lumped body; therefore,
the aeroelastic nature of the flappingwing is not adequately ad-
dressed.
Many other studies have tried to implement the flapping
problem in a numerical and computational framework [16,17].
They have utilized a panel method combined with FEM to
estimate flapping forces. The effects of the angle-of-attack
profile on the propulsive efficiency of an oscillating foil have
been examined numerically in [18], using VLM and FEM on the
samegeometry. Although the numerical simulations that utilize
FEM and/or CFDmodelsmay lead to accurate solutions, the lack
of physical interpretation and the higher costs associated with
these methods limit their applications.
Along with these analytical attempts, many experimental
efforts have also been undertaken in FMAV research. Due
to the complex and partially unknown nature of flapping
aerodynamics, experimental studies play a significant role, both
in determining the empirical relations between parameters and
validating the associated mathematical models. In [19], it has
been experimentally shown that wing bending, in addition to
twisting, results in slightlymore thrust but lower lift. According
to this and experimental results of [20,21], the torsional
deformation of thewing is shown to be the only dominant effect
in aeroelastic analysis. It has been experimentally revealed that
adjusting the torsional stiffness of the wing will result in a 40%
efficiency gain [22]. In the most recently published research,
FMAV cruise performance has been investigated based on a
series of wind tunnel tests [23].
There are some experimental investigations on developing
new aerodynamic models [24,25]. Some researchers have
considered the transient aerodynamic analysis of FMAVs using
the frequency domain introduced by Theodorson and Peter’s
finite states method [1]. Despite their additional complexities,
most researchers have found these methods to be less
profitable. Particularly in the range of low reduced frequencies,
the simple quasi-steady method has been proven to get
desirable accuracy [26].
A key item implicitly addressed in most existing related
research is the complex effect of wing flexibility and stiffness
characteristics on the resulting aerodynamics and propulsion
efficiency of FMAVs. Additionally, as many important studies
indicate, there are still many unanswered questions that have
not been adequately addressed by the existing literature,
some of which include the integrated role of geometric,
structural properties and wing kinematics on the aero-
propulsive characteristics of the flappingwing, the role of active
474 S.H. Pourtakdoust, S.K. Aliabadi / Scientia Iranica, Transactions B: Mechanical Engineering 19 (2012) 472–482morphing technology on the flight performance optimization
of FMAVs and the impact of experimental investigations on the
development of high-fidelity simulations and/or reduced-order
modeling of FMAVs.
It is within this context that the current study has focused
on the derivation of a new set of design and/or performance
curves based on comprehensive coupled aeroelastic models.
This FMAV flight dynamics model has been validated by the ex-
perimentally observed behavior of a typical FMAV. The math-
ematical model developed in the current study accounts for
all inherent aeroelastic features of a flapping wing. The elas-
tic torsional wing equation of motion (utilizing Euler–Bernoulli
elastic beam) is supposed to be augmented with pertinent
aerodynamics and induced mass-inertia loadings as a forcing
function. Due to the relatively small reduced frequencies ap-
plied by the flapping mechanism, the quasi-steady approach to
the computation of aerodynamic loadings is applicable in the
present work [27].
The model output is subsequently used to compute the
instantaneous reaction forces and moments related to the
FMAV thrust and propulsive efficiency. The validated FMAV
flight simulation is then utilized to create new generalized
performance curves in terms of dimensionless parameters. The
highly complicated flapping flight dynamics are shown to be
adequately addressed via two sets of new coordinates. They
include reduced frequency (as frequently referred) and a new
grouped parameter composed of wing mass, acceleration and
stiffness. Remarkable conclusions are drawn based on these
obtained plots. The model developed, and innovative extracted
curves, could be useful in many areas of design, trajectory
simulation, performance analysis and optimization of FMAVs.
This paper is organized as follows. Flapping wing aero-
dynamics are described in Section 2. Wing kinematics and
aeroelastic modeling are presented in Section 3. Derivation of
the reaction forces and mechanical power consumption are
described in Section 4. Explanation of the constructed exper-
imental setup is mentioned in Section 5. Implementation and
simulation results are declared in Section 6. The validation anal-
ysis is presented in Section 7. Derivation of generalized curves
and a relevant discussion are presented in Section 8. Finally,
concluding remarks and areas warranting further study are dis-
cussed in Section 9.
2. Aerodynamic model
The wing forward and flapping motion in the air causes
variable aerodynamic forces to be generated. As frequently
indicated in the literature, flapping flight aerodynamics have
not yet been fully discovered. In this section, the quasi
steady model of flapping wing aerodynamics is presented. The
validity of quasi-steady aerodynamics is strongly affected by a
dimensionless parameter, called reduced frequency, which is
defined as follows [6]:
fR = bf /Uref . (1)
The quantity, Uref , is a reference velocity, which can be FMAV
forward, or the wing tip mean stroke velocity [19]. For high
values of fR, the quasi-steady assumption fails, and transient
analysis must be used. In the typical case of a low-flapping-
frequency FMAV, fR is relatively low, approximately in the range
of 1–10. Utilizing a 2-D strip theory,whose parameters (velocity
vector and AOA) are updated according to both deformation
field and input flapping kinematics, is shown to be well
applicable to low reduced frequencies [27,28].Figure 1: Wing sections introduced by strip theory.
Figure 2: Velocity components in flapping motion.
Figure 1 shows some arbitrary strips over the span. Wing
elements are characterized by their distance from the root,
the airfoil shape, chord length and mass. Each strip can twist
differently from adjacent strips, depending on the magnitude
and direction of forces applied to it. The relative wind velocity
is described in terms of all wing motions consisting of flapping,
pitching, twisting and cruising as indicated in Figure 2.
From Figure 2, the effective angle of attack of a section is
determined in terms of velocity components tangential and
normal to the rotated wing section as below:
tanα = U sinφ + w cos γ cosφ + xφ˙ + yγ˙ cos γ
U cosφ − w cos γ sinφ + yγ˙ sin γ . (2)
From the elastic nature of the wing faced with aerodynamic
loads, the wing section seems to rotate elastically in such a
way as to decrease angle of attack. Although this physical sense
usually is correct, near the most up and down attitudes of the
flapping cycle, for which air relative velocity attenuates, wing
deflection reverses, due to inertia forces. According to Figure 2,
velocity magnitude can be derived in terms of basic modes of
wing motion:
|V |2 = (U sinφ + w cos γ cosφ + xφ˙ + yγ˙ cos γ )2
+ (U cosφ − w cos γ sinφ + yγ˙ sin γ )2. (3)
The aerodynamic model of flapping is characterized by large
angles of attack. Obviously, in a FMAV, the angle of attack varies
over a±90° range. A well used approximation for aerodynamic
coefficients versus angle of attack has been presented in [29]
based on NACA0009 thin airfoil test results:
CL = CLmax sin 2α
CD = CDmax(1− cos 2α)/2. (4)
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The closed form of Eq. (4) has 7% relative error in the α =
20 deg (max error). Parameters CLMax and CDMax are strongly
related to wing material and configuration; therefore, they can
be measured or estimated via test results.
3. Wing aeroelastic model
The purpose of FMAV aeroelastic modeling is to determine
the instantaneous wing deformations and net forces produced
by flapping in terms of all kinematic parameters and flight
conditions. The inputs of this model include mechanical
properties, flight conditions and kinematic parameters. The
outputs of the desiredmodel should consist of wing deflections,
effective angle of attack, instantaneous forces and total wing
acceleration.
The flapping mechanism provides the required periodic
motion of the wings. It contains a few links and joints that
produce the wings’ harmonic motion. The wings’ cyclic motion
is composed of upstroke and downstrokemovements. A typical
4-bar flapping mechanism is shown in Figure 3. As can be
observed, when the gear is rotated, the wing spar goes up
and down, due to runner link rotation and translation. The
flapping angle profile can be determined versus themechanism
dimension. The most up and down positions of the runner
link correspond to the flapping strokes. While the gear angular
velocity is constant, it can be shown that the flapping profile
(the second link orientation), approximately, is:
γ = (γUp − γDn)
2
sin(2π ft)+ (γUp + γDn)
2
. (5)
In [30], the exact solution of the mechanism output is
computed, and the error of using the harmonic profile of Eq.
(5) is shown to be less than 5%. Parameters γUp and γDn are
functions of length, L1, L2 and L4. In the constructed FMAV, the
mechanismdimensionsmentioned in Table 1 are sized based on
30° flapping amplitude. The angular velocity and acceleration of
the wing spar are:
γ˙ = π f (γUp − γDn) cos (2π ft)
γ¨ = −π2f 2(γUp − γDn) sin(2π ft).
(6)
A simple study of wing aeroelasticity shows that for extreme
values of stiffness (0 or∞), the obtainable thrust will be close
to zero. Neither a fully deformed membrane nor rigid wing can
generate useful force. Obviously, an optimum coefficient can
be found through the aeroelastic model of the flapping wing.
Before the equations are proposed, some basic assumptions are
mentioned:
1. Assume cruise condition with constant velocity;
2. Linear elastic torsional deformation (Euler–Bernoulli Beam);
3. Quasi-steady aerodynamic model;Table 1: Constructed FMAV specifications.
Parameter Value Unit
b 100 Cm
S 1400 Cm2
C 14 Cm
AR 7.14 –
L 35 Cm
L1 34 mm
L2 14 mm
L3 38 mm
L4 12 mm
γUp 30 Deg
γDn 30 Deg
Γ 60 Deg
f 0–10 Hz
U 2–8 m/s
MT 230 g
m 28 g
ρ 0.2 Kg/m2
GJ 25 Ncm2
d 1.4 mm
ρAir 1.2 Kg/m3
n 4 –
XCG C/2 –
XEA 0 –
CLMax 1.2 –
CDMax 2 –
4. Location of elastic axis on the L.E.;
5. Harmonic trajectory of wing.
In fact, FMAV wing structures are inherently anisotropic due
to their membrane vein configurations. The spanwise bending
stiffness is approximately 1–2 orders of magnitude larger than
the chordwise bending stiffness in a majority of reported
designs, as well as in the current study.
A free-body diagram for a typical wing section is depicted
in Figure 4. The inertia-mass components, as well as the
aerodynamic and elastic forces, are shown. The inertial force
components are assumed to be exerted on CG, while the
aerodynamic and internal elastic forces are exerted on AC
and EA, respectively. The equation of torsional deformation
of the wing section can be derived based on the augmented
Euler–Bernoulli elastic beam theory:
IY φ¨ = GJφ′′ + ρcxγ¨ y cosφ − 12 (x− c/4)cV
2ρAirCL cosα
− 1
2
(x− c/4)cV 2ρAirCD sinα + 12ρgc
2 cosφ cos γ . (7)
This nonlinear 2nd-order PDE describes the temporal and
spatial variation of the wing twist angle. Eliminating the effect
of weight, which corresponds to a constant deflection, one can
simplify the equation of motion:
IY φ¨ = GJφ′′ + ρcxγ¨ y cosφ
− 1
2
(c/4)cV 2ρAir(CL cosα + CD sinα). (8)
Parameters α and V are computed according to Eqs, (2) and
(3), respectively.Many computational considerations, aswell as
numerical techniques, must be taken to solve this PDE. Further
discussions are presented in Section 4.
4. Propulsion model
Derivation of the axial and normal forces acting on an FMAV
during flapping is considered in this section. The existence
of various acceleration components causes the wing overall
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forces to be different from the applied aerodynamic or inertial
forces. The reaction forces and moments on the hinge point are
to be computed. Forces are considered to be functions of the
wing independent rotations, γ and ϕ. According to Figure 4,
contribution of a wing strip to the axial reaction force is:
dFX
dy
= −ρcxφ¨ sinφ − ρcxφ˙2 cosφ + 1
2
cV 2ρAir
× [CL sin(α − φ)− CD cos(α − φ)] . (9)
In this equation, FX is the thrust force generated instantly by
wing flapping. The rotation angle (α − ϕ) refers to the relative
attitude of the velocity vector and wing root axis. The angular
acceleration induced by the wing flapping mechanism is also
accounted for in the above equation. Derivation of the normal
force (Lift) component after simplification gives:
dFZ
dy
= ρcyγ˙ 2 sin γ + 1
2
ρV 2c
× [CL cos(α − φ)+ CD sin(α − φ)] cos γ
+ −ρcyγ¨ + ρcxφ¨ cosφ − ρcxφ˙2 sinφ cos γ . (10)
To determine the overall lift and thrust forces over a half span,
one may use simple integration:
FZ (t) =

dFZ
dy
dy
FX (t) =

dFX
dy
dy.
(11)
A significant performance index for FMAVs is the power
consumed, which affects battery usage and, consequently,
flight endurance. There are interesting issues regarding the
power consumption in FMAVs. In fact, neither increasing nor
decreasing input power will lead to better performance. The
effects of mass distribution, flapping profile, elasticity and
geometry, all together, will specify how the power varies.
Referring to Figure 4, the moment applied to the wing will be:
M =
 
1
2
ρV 2c(CL cos(α − φ)+ CD sin(α − φ))
− ρcyγ¨ + ρcxφ¨ cosφ − ρcxφ˙2 sinφ

ydy. (12)
The mechanical power input to the wing is therefore:
P =
 
1
2
ρV 2c(CL cos(α − φ)+ CD sin(α − φ))
− ρcyγ¨ + ρcxφ¨ cosφ − ρcxφ˙2 sinφ

γ˙ ydy. (13)Figure 5: Constructed FMAV and its main parts.
It should be noted that the above equation indicates the
mechanical power input to the wing via the link rod. It does
not account for transient responses of the electric motor or
the mechanism transfer function. One may assume constant
frictional power dissipation due to rotating shafts, as well as
constant mechanism efficiency, to obtain the estimated power
usage.
5. Experimental setup
To validate the model, one needs to use and/or generate
acceptable experimental data. In this regard, a typical FMAV
was designed and manufactured for this research, as shown
in Figure 5. It is primarily composed of a fixed body, flapping
wings, a servo-controlled tail and a flapping mechanism
gear box, with an electric motor and battery. As a natural
consequence of the flapping motion of the elastic wing, a net
forward force will be produced.
The FMAV’s wing structure is composed of two main spars;
one at the leading edge and several chordwise ribs made of
carbon fibers. The wing surface is covered by a thin Mylar
skin. Other specifications and dimensions are listed in Table 1.
The torsional wing stiffness is highly dependent on the spar
and rib thicknesses and diameters, as well as the number
and arrangements of ribs. For the purpose of this study, the
wing bending stiffness was taken to be sufficiently large, so
as to prevent significant elastic bending deformation. As in
most FMAVs, the wings twist up and down elastically around
L.E.; therefore, the elastic axis can be accurately assumed to
be coincident with the leading edge. Table 1 shows the key
geometrical parameters, structural properties and some of the
important aerodynamic and mechanical characteristics of the
constructed FMAV.
A typical wing configuration used in manufactured FMAVs
is shown in Figure 6. The structure allows the wing to twist
elastically over large angles; moreover, it can slightly bend
when the applied loading increases; much more than that
predicted for flapping.
To prepare the adequate experimental data and evaluate
the proposed analytical model, an FMAV test stand was also
constructed in which capability force measurement and data
acquisitionwere incorporated. Figure 7 shows the experimental
setup. The constructed FMAV was mounted on the stand, and
once it started flapping, the loads along two perpendicular
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Figure 7: Experimental setup used for FMAV test.
Figure 8: Experimental results for mean axial force.
axes were measured and received by a PC through an amplifier
module and interface card.
In this way, the actual force applied to the body during
flapping was determined via a high-precision load sensor.
Changing the input voltage, one canmeasure the average thrust
produced by flapping versus frequency, which in turn was
measured by a tachometer in this setup. For the FMAV used
here, the overall thrust generated by flapping increased quasi-
linearly by frequency as shown in Figure 8.
A dead band appears in the force-generating mechanism.
Below a frequency of 2 Hz, the thrust gain is very little, due
to the low aerodynamic force followed by negligible wing
deformations. At frequencies above 7 Hz, the achievable thrust
seems to attenuate with respect to the fitted line. At higher
flapping frequencies, the wing deflection capacity seems to
saturate, and the inertial force coupling stops the growing rate.Other experimental investigations of FMAVs agreewith current
test results. In [31], a linear approximation is recommended to
estimate thrust in terms of flapping frequency.
6. Simulation results
In the previous two sections, the aeroelastic nature of a
flapping wing was studied. The equations of describing wing
deformations, as well as the model of the propulsion system,
were presented. This nearly complete set of equations was
implemented as a simulation code in MATLAB. The main
equations are:
IY φ¨ = GJφ′′ + ρcxγ¨ y cosφ
− 1
2
(c/4)cV 2ρAir(CL cosα + CD sinα)
tanα = U sinφ + w cos γ cosφ + xφ˙ + yγ˙ cos γ
U cosφ − w cos γ sinφ + yγ˙ sin γ (14)
|V |2 = (U sinφ + w cos γ cosφ + xφ˙ + yγ˙ cos γ )2
+ (U cosφ − w cos γ sinφ + yγ˙ sin γ )2.
The 2nd order nonlinear PDE has been numerically solved by
implicit spatial marching, which employs an additional internal
loop to enhance the convergence rate. The corresponding
boundary values and initial conditions are assumed to be:
φ(y = 0) = 0
φ′(y = b/2) = 0
φ(t = 0) = 2y
b
φMax
φ˙(t = 0) = 0.
(15)
One may conclude that the initial wing attitude is horizontal.
The initial condition is correlated by the simple harmonic
flapping angle. The boundary conditions are defined at wing
root and tip; therefore, it is a twopoint boundary valueproblem.
According to Section 4, the model of the propulsion system is:
FX =
 
− ρcxφ¨ sinφ − ρcxφ˙2 cosφ
+ 1
2
cV 2ρAir(CL sin(α − φ)− CD cos(α − φ))

dy
FZ =
 
ρcyγ˙ 2 sin γ + 1
2
ρV 2c(CL cos(α − φ)
+ CD sin(α − φ)) cos γ
+ (−ρcyγ¨ + ρcxφ¨ cosφ − ρcxφ˙2 sinφ) cos γ

dy (16)
P =
 
1
2
ρV 2c(CL cos(α − φ)+ CD sin(α − φ))
− ρcyγ¨ + ρcxφ¨ cosφ − ρcxφ˙2 sinφ

γ˙ ydy.
Once the model is completely implemented in MATLAB, the
parametric study of FMAVs will be possible via simulation.
There aremany useful trade-off studieswithin the related flight
dynamics of FMAVs. Due to a high degree of nonlinearity and
coupling in this problem, one may use the simulation code
effectively to establish newdesign curves, aswell as performing
a sensitivity analysis. Here, in this section, the simulation results
corresponding to a manufactured FMAV, which is available for
experimental investigation, are presented. Some parameters
used in the simulation are listed in Table 2.
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Parameter Value Parameter Value
f 5 Hz Γ 60 deg
c 14 cm b/2 50 cm
ρ 0.2 Kg/m2 CRoot 20 cm
x c/2 GJ 0.0025 Nm2
CDMax 2 CLMax 1.2
Figure 9: Twist angle profile in middle and tip and flapping angle.
The results of state variables and performance indices have
been plotted versus time in four complete cycles to demon-
strate the initial transient response. For wing deformation and
AOA, the spanwise distribution plots have been also prepared.
The flapping angle, supposedly a simple harmonic signal, is also
depicted in the figures to show relative distortion and phase dif-
ferences.
In Figure 9, variation of twist angle ϕ and flapping angle γ
has been plotted for two spanwise locations: wing median and
wing tip. As shown, the maximum deflection reaches 40° near
the tip. The twist curve lags the flapping angle by approximately
90°. This indicates that wing deflection is roughly proportional
to angular velocity, which in turn implies that aerodynamic
forces dominate inertial forces. The nondeformation situation
of the wing does not occur exactly at points of zero velocity
(i.e. dead positions) and it has a lead. This is mainly due
to inertial forces, which are dominant under low-velocity
conditions. Compared to the aerodynamic twist and the inertial
twist, one may conclude that the ratio of aerodynamic to mass
inertial forces is about 4.5.
Generally, the twist angle depends on mass distribution,
wing geometry, wing flexibility, frequency and velocity, which
were all taken into account in the proposed model. Figure 10
shows the temporal variation of the angle of attack at the same
spanwise location as mentioned before. The interpretation of
the variation in the angle of attack requiresmore consideration,
and seems possible after considering the twist plots. Figure 11
shows that, in the vicinity of zero flapping angles, the expected
trend of increasing AOA has been reversed. From Figure 9,
this situation corresponds to a reduction in the angle of attack
by the maximum wing deflection. From this aerodynamically
determined situation, the AOA trend seems more plausible.
Another interesting result regarding aeroelastic wing defor-
mations can be obtained by looking at the span at specified
times. These snapshots are shown in Figure 11. Receiving more
physical insight, wing maximum velocities, as well as maxi-
mum flapping angles, have been selected. As expected, the twist
angle increases towards the wing tip and reaches its maximum
by crossing the wing from the horizontal position. Again, two
extreme curves corresponding to the maximum velocity (aero-
dynamic force) and maximum acceleration (inertial force) canFigure 10: Angle of attack profile for wing median and tip.
Figure 11: Spanwise torsional deflection distributions.
Figure 12: Spanwise AOA distributions.
be labeled. From Figure 11, one may pick the tip deflection val-
ues of level-up and most-up curves, which are 9° and 41°, re-
spectively. The ratio of aerodynamic to inertial forces can be,
therefore, approximated, which is same as the value concluded
from Figure 9. For the studied FMAV, the aerodynamic forces
are 4.5 times larger in magnitude than the inertial forces.
The same study was conducted by plotting AOA spanwise
distributions. As shown in Figure 12, in contrast to the wing
deflection, AOA does not increase continuously over the span. It
can be related to the wing deflection capacity, as a mechanism
for reducing AOA, particularly in far span regions. The effects
of local velocity and aerodynamic versus inertial forces, as
well as local torsional deflection, can be addressed using AOA
snapshot patterns. Although the study of wing deformations
and AOA are essential in design andwing sizing, amore suitable
approach is to relate overall FMAV performance to the basic
design variables. Since the flapping propulsor is considered,
essentially, to convert input mechanical power to forward
thrust, it is, therefore, useful to plot the variation of both
forward flapping force and power consumption.
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The overall normal force produced by flapping is plotted
in Figure 13. The force is computed according to Eq. (16).
It shows a periodic signal averaged at zero with bounded
frequency content. A similar trend is reported in [23]. The
deviation of the force signal from the harmonic excitation
angle is essentially related to inertial and elastic forces.
Regardless of whether a FMAV has fixed or rotary wings,
the mass inertial forces contribute to the axial and normal
forces. Although aeroelasticity causes the normal force to be
distorted, it does not change the mean value. Therefore, from a
performance point of view, embedding aeroelasticity results in
lower power consumption while average lift is still zero. In this
study, symmetric flapping together with symmetric structure
(isotropy) was assumed, which eliminated the possibility of
generating only net lift by flapping. From Figure 13, the phase
difference between the lift profile and flapping angle γ can also
be estimated. This factor is useful in aeroelastic studies of FMAV,
especially in optimizing wing kinematics [14].
One may decompose the inertial and aerodynamic forces
that produce total applied force, and find the ratio between
the magnitudes, as well as their phase differences, in terms
of design or performance parameters. Figure 14 shows the
axial or thrust force generated via flapping. Unlike the lift
force, the average thrust produced strongly depends on the
design parameters and flight conditions. It may found to be a
suitable index of optimal flight performance. From Figure 14,
the substantial frequency of the axial force is found to be
twice the flapping frequency. It can be simply explained
using identical axial force components in the upstroke and
downstroke. Moreover, it can be shown that all frequency
components of the lift signal are odd factors of the flapping
frequency, while, for the thrust frequency components, only
even factors of the flapping frequency appear. Although the
force curve in Figure 14 shows no drag situation, there are
two possible sources of producing drag in FMAVs. The first
is induced drag, which is the same source of drag for fixed
wings and is due to tilting the body and increasing the effective
wing projected area; the second is inertia drag, which is
formedwhenmass inertial forces reach the aerodynamic forces
during flapping. An interesting result based on this study is
that flapping always produces net positive axial force. The
description of the wing mass effect on the generated force is
much more complex in general. For a certain flexibility level, it
has been found, via simulation, that increasing mass lowers the
average thrust.
The third fundamental performance issue, flapping con-
sumed power, is plotted in Figure 15. In this particular FMAV,
the frictional power dissipation is estimated to be 4.8watt. Sim-
ilar to the thrust profile, power is double the frequency and is a
positive signal. The propulsive efficiency can be determined in
terms of consumed and produced power.Figure 14: Wing overall thrust profile.
Figure 15: Mechanical power transfers to wing.
7. Validation
The experimental results for lift and thrust profile have been
utilized for validation of the analytical aeroelastic model. Due
to zero AOA in the test stand, one can conclude that the average
lift applied to the body is theoretically zero. The corresponding
simulation results of constructed FMAV, based on the proposed
model, were used in validation analysis.
A comparison of the lift profile measured via the experi-
mental setup, and the one prepared by simulation, is shown in
Figure 16. The test data measured at 5-Hz flapping has been
shifted over time to match the phase properly. Both the model
and actual curves deviate from a simple sine wave in the
same manner. It should be noted that the magnitude shown in
Figure 14 is doubled, due to the sum of both wing forces.
The consistency between themodel and experimental thrust
profiles seems to be less than that between the model and
experimental lift profiles. As shown in Figure 17, the actual
test data match well with the simulation curve over odd-
numbered cycles. For the adjacent ones, the model seems
to be overestimated by an approximately constant gap. The
complicated physics of flow, ignoring the gyroscopic effects in
the governing equations, and mechanism backlash were found
to be the origins of this mismatch. According to Figure 17,
the infected force cycles are those generated during the down
stroke, where the wing is not propelled in the final stage, due to
backlash.
In the presented validation analysis, the simulation param-
eters were adjusted or tuned. The main parameter that was
tuned was the forward velocity, which seems to initially have
a zero magnitude, according to the static test stand. In fact, the
flapping induces a flow velocity field through the FMAV wings
and body, whose magnitude depends on axial force. There is an
interesting interaction between the thrust generated and the
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Figure 17: Actual versus simulation thrust profile.
induced flow velocity. This parameter was estimated regard-
ing both real force data and the simulation model output. The
validation process was carried out over the frequency range,
2–8 Hz. Taking velocity as a trimmed parameter, the same com-
pliance between real test data and themodel could be observed.
8. Generalized curves
Once the simulated model was proved to be valid, many
interesting valuable studies could be introduced. A lot of time
consuming and costly tests over numerous state variables of
FMAV are substituted with simulation results. In the current
research, a dimensional analysis is utilized, in order to establish
concise generalized mappings. One can make a list of all
design variables, as well as other effective parameters, and
try to compose dimensionless groups. Considering physical
interpretations of the aeroelastic characteristics of the FMAVs, a
new set of grouped parameters are introduced in this research.
These dimensionless parameters can be regarded as new
performance coordinates. The proposed parameters are listed
in Table 3.
These new independent coordinates will facilitate the
generalized trends to be extracted. Although there are many
combinations of groupedparameters, this collection is shown to
be well suited in the FMAV flight dynamics problem. Moreover,
choosing the above quantities, one can show that the otherFigure 18: Thrust force coefficient variations.
design parameters will have small effects on the performance
measures. Here, in this research, the other sensitivities are
assumed to be ignorable, based on the simulation results.
One may search for the best wing structural properties
in terms of frequency, wing density and geometry and flight
conditions. A meaningful generalized curve, regarding the
FMAV thrust force coefficient, in terms of dimensionless
flexibility and input reduced frequency, is depicted in Figure 18.
As can be observed, increasing the rigidity of the wing makes
the operating flapping bandwidth narrower, while it increases
the maximum propulsive efficiency, to some extent.
For a specified wing structure, there is an optimum
frequency at which the wing propels an FMAVmore efficiently.
This desired frequency seems to shift to higher values when the
wing structure becomes stiffer. It is also shown that increasing
flapping frequency will result in more thrust force [32]. One
may use Figure 18 to predict the cruise performance of a
typical FMAV. Increasing the velocity obviously will attenuate
the flapping force. To achieve a sustained optimal performance,
it can be deduced that a continuous change in wing mass or
stiffness is essentially required versus flapping frequency.
In Figure 19, the contours of FMAV propulsive efficiency
are plotted against wing stiffness parameters. It is shown that
efficiency decreases when frequency values get higher. This
is due to the dominant change in power consumption, with
respect to FMAV thrust gain. A very interesting result of this
generalized curve is that the sensitivity of propulsive efficiency
to both reduced frequency and wing stiffness parameters is
lowerwhen they are increased. Considering the same frequency
curves in Figures 18 and 19, it is revealed that the region of
consistency between thrust coefficient and FMAV propulsive
efficiency has been increased for higher values of fR. This
remarkable conclusion means that by proper adjustment of
wing mechanical properties, both flapping force and efficiency
will be improved.
9. Conclusion
The modeling and simulation of the flapping wing phe-
nomenon is an invaluable tool with potential applications in
the design, optimization and performance analysis of FMAVs.
This task is considerably more difficult for elastic FMAVs than
for fixed-wing air vehicles, due to the simultaneous generation
of lift and thrust achieved by the flapping of an elastic wing. The
current study presents a new aeroelastic simulation model for
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Dependent parameters (performance indices) Independent parameters (design variables)
CF = FX
ρU2ref S
Thrust coefficient fR = fbΓUref Reduced frequency
ηP = FXUrefP Propulsive efficiency kW = GJmf 2S3/2 Wing stiffness parameter (aeroelastic parameter)Figure 19: Propulsive efficiency variations.
a typical elastic FMAV, whose solutions are validated by exper-
imental results. The Euler–Bernoulli elastic beam model is su-
perimposed with appropriate forcing mechanisms and solved
for the temporal spanwise twist distribution of the FMAV, un-
der various stiffness and flapping frequency input conditions.
The simulation model accounts for all natural existing interac-
tions betweenmass, elasto-inertial forces and flapping-induced
loadings, and provides adequate estimates for the lift, thrust
and mechanical power required by the FMAV. For validation
purposes, an instrumented experimental FMAV and its testing
stand were designed, built and utilized, to provide the required
experimental data. The simulationmodelwas initially validated
against the experimentally observed results and subsequently
used to investigate the flapping characteristics further.
It was shown that the aerodynamic forces are a dominant
factor affecting elastic wing deformations, while the inertial
forces mainly cause a phase delay between the twist profile
and the flapping angle. In addition, from a performance
and efficiency point of view, a set of new generalized
curves has been proposed regarding dimensional analysis and
the simulation model. One may address significant design
iterations among the 4 mentioned dimensionless parameters
(Table 3). Many remarkable conclusions could be potentially
drawn based on this newly introduced design space. As
the performed parametric study reveals, increasing frequency
will result in more thrust coefficient, which corresponds to
wing higher torsional stiffness. The sensitivity of propulsive
efficiency is shown to be decreased when reduced frequency or
wing stiffness parameters are taken to be increased.
The simulation results reveal that the peak propulsive
efficiencies of the FMAV increasewith increasingwing torsional
stiffness and flapping frequencies. At the same time, the
results show that for lower values of wing torsional stiffness,
sustainable optimum efficiency occurs for a wider spectrum
of flapping frequencies. It can be concluded that for specified
geometry and configuration, FMAV may change its wing
torsional stiffness in terms of flapping frequency to achieve
available propulsive efficiency. This observation is currentlybeing investigated by the authors, by applying an intelligent
material, such as a smart alloy, as a morphing actuator, to the
sustained high-performance flight of an FMAV.
On the other hand, the presented curves could be supposed
as design mappings by which the sizing problem of a nominal
wing can be simplified. Finally, the presented research offers
an accurate, practical, analytical model that can essentially
enhance knowledge about the complex dynamics of FMAVs.
The validated parametric model can be potentially considered
to establish more trade-off studies, as well as a sensitivity
analysis. The proposed model can also be utilized to evaluate
the performance and stability of existing designs and to design
and optimize newly developed flying FMAVs.
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